Biodegradation behavior of bacterial-based polyhydroxyalkanoate (PHA) and DDGS composites by Madbouly, Samy A. et al.
Agricultural and Biosystems Engineering
Publications Agricultural and Biosystems Engineering
2014
Biodegradation behavior of bacterial-based





Iowa State University, jschrade@iastate.edu
Gowrishankar Srinivasan




Iowa State University, kgmccabe@iastate.edu
See next page for additional authors
Follow this and additional works at: http://lib.dr.iastate.edu/abe_eng_pubs
Part of the Bioresource and Agricultural Engineering Commons, Horticulture Commons, and
the Polymer and Organic Materials Commons
The complete bibliographic information for this item can be found at http://lib.dr.iastate.edu/
abe_eng_pubs/836. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Article is brought to you for free and open access by the Agricultural and Biosystems Engineering at Iowa State University Digital Repository. It
has been accepted for inclusion in Agricultural and Biosystems Engineering Publications by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Biodegradation behavior of bacterial-based polyhydroxyalkanoate (PHA)
and DDGS composites
Abstract
The extensive use of plastics in agriculture has increased the need for development and implementation of
polymer materials that can degrade in soils under natural conditions. The biodegradation behavior in soil of
polyhydroxyalkanoate (PHA) composites with 10 wt% distiller's dried grains with solubles (DDGS) was
characterized and compared to pure PHA over 24 weeks. Injection-molded samples were measured for
degradation weight loss every 4 weeks, and the effects of degradation times on morphological,
thermomechanical, and viscoelastic properties were evaluated by scanning electron microscopy (SEM),
dynamic mechanical analysis (DMA), and small-amplitude oscillatory shear flow experiments. Incorporation
of DDGS had a strong effect on biodegradation rate, mechanical properties, and production cost. Material
weight loss increased linearly with increasing biodegradation time for both neat PHA and the PHA/DDGS
90/10 composites. Weight loss after 24 weeks was approximately six times greater for the PHA/DDGS 90/10
composites than for unaltered PHA under identical conditions. Rough surface morphology was observed in
early biodegradation stages (≥8 weeks). With increasing biodegradation time, the composite surface eroded
and was covered with well-defined pits that were evenly distributed, giving an areolate structure. Zero shear
viscosity, Tg, gelation temperature, and cold crystallization temperature of the composites decreased linearly
with increasing biodegradation time. Addition of DDGS to PHA establishes mechanical and biodegradation
properties that can be utilized in sustainable plastics designed to end their lifecycle as organic matter in soil.
Our results provide information that will guide development of PHA composites that fulfill application
requirements then degrade harmlessly in soil.
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Abstract: The extensive use of plastics in agriculture has increased the need for development and 
implementation of polymer materials that can degrade in soils under natural conditions. The 
biodegradation behavior in soil of polyhydroxyalkanoate (PHA) composites with 10 wt% distiller's dried 
grains with solubles (DDGS) was characterized and compared to pure PHA over 24 weeks. Injection-
molded samples were measured for degradation weight loss every 4 weeks, and the effects of degradation 
times on morphological, thermomechanical, and viscoelastic properties were evaluated by scanning 
electron microscopy (SEM), dynamic mechanical analysis (DMA), and small-amplitude oscillatory shear 
flow experiments. Incorporation of DDGS had a strong effect on biodegradation rate, mechanical 
properties, and production cost. Material weight loss increased linearly with increasing biodegradation 
time for both neat PHA and the PHA/DDGS 90/10 composites. Weight loss after 24 weeks was 
approximately six times greater for the PHA/DDGS 90/10 composites than for unaltered PHA under 
identical conditions. Rough surface morphology was observed in early biodegradation stages (≥8 weeks). 
With increasing biodegradation time, the composite surface eroded and was covered with well-defined 
pits that were evenly distributed, giving an areolate structure. Zero shear viscosity, Tg, gelation 
temperature, and cold crystallization temperature of the composites decreased linearly with increasing 
biodegradation time. Addition of DDGS to PHA establishes mechanical and biodegradation properties 
that can be utilized in sustainable plastics designed to end their lifecycle as organic matter in soil. Our 
results provide information that will guide development of PHA composites that fulfill application 
requirements then degrade harmlessly in soil. 
1 
Introduction 
Bio-based polymers and composites have received extensive attention as sustainable alternatives to 
petroleum-based polymers for a wide range of agricultural, industrial, and medical applications. Efforts to 
replace petroleum-based plastics are motivated by numerous environmental, technological, and economic 
problems resulting from the finite supply and increasing cost of crude oil and the environmental damage 
caused by heavy use of fossil carbon and disposal of non-biodegradable petroleum-based products.1–17 
Bio-based polymers have been used extensively in a wide range of industrial applications, such as 
textiles, resins, and rigid or flexible foams. The biodegradability and biocompatibility of these important 
polymers make them excellent candidates for medical applications such as drug delivery carriers and 
bioresorbable scaffolds for tissue engineering.18,19 Numerous other applications for the use of bio-based 
polymers include food containers, waste bags, packaging, and agricultural plastics.20,21 The use of 
petroleum-based plastics in agriculture is extensive, and the annual worldwide consumption of plastics for 
agricultural applications is estimated at more than 6.5 million tons.22 The short service life of products 
such as soil-retention sheeting, agricultural films, and horticultural crop containers, and their close 
association with soil have generated strong interest in developing biorenewable alternatives to petroleum-
based plastics that will fulfill the needed function, then biodegrade in soil under natural field conditions.23  
Environmentally friendly bio-based polymers can be produced from a wide range of natural 
materials, such as carbohydrates from plants (wheat, corn, potato, sugar cane, etc.), proteins 
(chitin, collagen, soybean, zein, etc.), and natural oils (pine, castor, soybean, rapeseed, etc.). 
Many of the carbohydrate-based polymers (e.g. polylactic acid [PLA], polyhydroxyalkanoates 
[PHA] including polyhydroxybutyrate [PHB], polyhydroxyvalerate [PHV], and their 
copolymers) are synthesized via metabolic pathways of microorganisms. PHAs are the first bio-
based polyesters that are highly crystalline aliphatic thermoplastics. They are produced naturally 
by a wide range of bacteria for carbon and energy storage.24,25 PHAs are biodegradable polymers 
used in many plastics industries as replacements for petroleum-based polyethylene (PE) and 
polypropylene (PP) because of their excellent barrier, mechanical, and thermal properties. PHAs 
have also been used in blow-molded and injection-molded bottles and plastic films. In addition, 
PHAs are biodegradable, non-toxic and biocompatible polymers suitable for wide range of 
biomedical applications.16,17 The physical and chemical properties of PHAs can be tailored for 
specific applications by incorporating up to 60 different types of monomers into the polymer 
backbone via microorganisms.26 The hydrolysable ester bonds of PHAs enable relatively rapid 
degradation compared to many other bioplastics. Most PHAs are completely biodegradable and 
can decompose to CO2 and H2O through natural microbiological mineralization.27 The 
depolymerization process of PHAs is facilitated by several types of microorganisms and 
normally yields low molecular weight products that can be absorbed as nutrients by living cells. 
The degradation mechanism of PHAs and their composites has been investigated in several types 
of media, such as soil, activated sludge, buffer solutions in laboratory atmosphere, sea water, and 
lake water.28 Moisture or water content, pH, temperature, and nutrient supply are important 
factors that influence the degradation rate of PHAs. In addition, the chemical structure, 
crystallinity, surface area, and properties and amount of additives or fillers play a crucial role in 
the degradation kinetics of PHAs.28 
PHAs can be blended with various biodegradable polymers and fillers, such as starch, corn 
stover, soy protein, and dried distillers grains with solubles (DDGS) to significantly reduce 
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production cost. The supply of DDGS increased dramatically in the United States from 2.7 to 
32.5 million metric tons from 2000 to 2010 due to significant growth in ethanol production, 
which increased globally from 73.0 to 88.7 billion liters from 2009 to 2011.29 The fibrous 
structure, low cost, and biodegradability of DDGS make it an attractive filler for bioplastics to 
enhance their mechanical properties, reduce production costs, and increase degradation rates. 
Incorporation of up to 30 wt% DDGS to petroleum-based polymers, such as PP and PE to 
produce greener composites has been studied previously.30 In addition, DDGS have been mixed 
with bio-based thermoplastic polyurethane with concentrations up to 90 wt%.31 Similarly, 
phenolic resin has been evaluated as a polymer binder for DDGS particles.32,33 Polylactide has 
also been used as a bio-based matrix with DDGS to produce a biorenewable composite with a 
considerably lower production cost than pure PLA.34 
Our objectives in the current study were to develop and evaluate commercially feasible 
horticultural crop containers (pots) made from a PHA/DDGS bioplastic composite with 10 wt% 
DDGS, to characterize the morphological, thermomechanical, and viscoelastic properties of the 
composite, to evaluate the effects of biodegradation on these properties, and to provide 
information that will guide efforts to utilize PHA/DDGS composites in products that can 
biodegrade and end their lifecycle as organic matter in soil. The goals for incorporating DDGS 
were to decrease the production cost, increase the degradation rate, and enhance the mechanical 
properties of PHA. The biodegradation behavior of the composite was evaluated in soil under 
landscape conditions for time intervals up to 24 weeks. Terrestrial-plant tests were used to 
evaluate toxicity of materials before and after degradation in soil. The morphologies of the 
composite at different biodegradation stages were studied by scanning electron microscopy 
(SEM), and the effect of biodegradation time on the thermomechanical properties was evaluated 
using dynamic mechanical analysis (DMA). In addition, the viscoelastic properties of the 
composite were investigated as a function of biodegradation time, temperature, and angular 
frequency using small-amplitude oscillatory shear flow experiments. The effect of 
biodegradation time on the crystallization and melting behaviors of PHA/DDGS 90/10 
composite was studied using differential scanning calorimetry (DSC). 
Experimental section 
Materials 
Compounding and injection molding. Polyhydroxyalkanoate Mirel P1003 (Injection molding grade 
resins) was supplied by Metabolix Inc., Cambridge, MA 02139, and the DDGS were supplied by Lincoln 
Way Energy LLC, Nevada, IA. This PHA contains blends of poly(R-3-hydroxybutyric acid), poly(3-
hydroxybutyrate-co-4-hydroxybutyrate), proprietary mineral fillers, and proprietary biodegradable 
additives. DDGS is a fibrous material that contains proteins, carbohydrates, and oils and is produced as a 
coproduct during the dry-milling process of ethanol production. Complete drying of PHA and DDGS was 
accomplished for 6 h at 80 °C. Respective formulations of PHA : DDGS at 90 : 10 (w/w) were further 
extruded on a Leistritz compounding twin-screw extruder (Leistritz Micro18, L/D ratio 30, American 
Leistritz Corp., Somerville, NJ) to produce plastic extrudate that was pelletized with a pellet mill (Scheer 
Bay Inc. WI). The temperature profile during extrusion followed a bell profile of 125–140–130 °C from 
the hopper-mixing-die for all formulations. The PHA pellets were used to mold prototype 4.5-inch pots 
(11.5 cm OD at top and 2 mm thick) using a sprue-less mold design with an 85 ton JSW injection 




Biodegradation tests were carried out in soil under landscape conditions at the Horticulture Research 
Station near Gilbert, IA. Samples of PHA and PHA/DDGS 90/10 composite were one-fourth container 
pieces (injection molded plant containers with a top diameter of 11.4 cm, height of 9.7 cm, and volume of 
680 cm3, cut into four identical pieces). Each sample was weighed, placed in a non-degradable mesh bag 
for easy retrieval, and buried 10 cm below the soil surface in a garden plot in a randomized complete 
block design. Each block represented a group of samples to be randomly selected for extraction from soil 
at a designated time interval (every 4 weeks for up to 24 weeks). The soil type was Clarion loam, a fine-
loamy, mixed, superactive, mesic Typic Hapludolls. During the trial, the mean 10 cm soil temperature 
was 21.1 °C, and the landscape plot was irrigated uniformly once per week with ≈2.5 cm of water. After 
each biodegradation time interval, samples were extracted from the soil, washed with water under gentle 
agitation, dried at 33 ± 5 °C and mean RH of 26% for 9 d, then held for 24 h in the same room where the 
initial weight was measured to reach equilibrium with ambient humidity. Percentage weight loss after 
each degradation time interval was calculated from the following equation: 
 
where Wloss% is the relative weight loss, W0 is the weight of the sample before biodegradation 
step. W1 is the weight of the biodegraded sample after washing with water and drying until 
reaching a constant weight.  
Samples were tested for phytotoxicity before and after degradation in soil by using the OECD 
terrestrial plant test of seedling emergence and seedling growth.35 Germination and seedling-
growth tests were performed with tomato (Solanum lycopersicum L.) by grinding the PHA and 
PHA/DDGS 90/10 composite test materials into particles ≤1 mm diameter, mixing the ground 
material with soil at 1000 or 10 000 ppm by weight, and culturing seeds and seedlings in the 
media mixtures for a total of 27 days in a greenhouse in a completely randomized experimental 
design with control units grown in the same soil without addition of test materials. Experimental 
units were evaluated for presence or absence of phytotoxic effects by measuring percentage of 
seedling emergence and seedling height, and by visual inspection of seedlings for evidence of 
stunted growth, chlorosis, discoloration, mortality, or abnormal morphology.35 
Scanning electron microscopy 
The surface morphology of PHA/DDGS composites was examined using SEM after six different 
durations of biodegradation in soil (0, 8, 12, 16, 20, and 24 weeks). The samples were fixed on the SEM 
holders and sputtered with gold. The prepared samples were investigated using a field-emission scanning 
electron microscope (FE-SEM, FEI Quanta 250) operating at 10 kV under high vacuum.  
Rheological measurements 
The effect of biodegradation on the dynamic viscosity and crystallization behavior was investigated using 
a TA Instruments, AR2000ex rheometer, with 25 mm diameter parallel plates. All measurements were 
performed under very accurate thermal conditions (±0.1 K) using an air/N2 gas convection oven designed 
with twin element heater guns, a barrel-shaped chamber, and three internal platinum resistance 
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thermometers (PRT) for optimum temperature stability. The following rheological experiments were 
studied:  
1. Strain sweep at 160 °C and constant angular frequency to obtain the linear viscoelastic regime 
of the composites. 
2. Angular frequency sweep at 160 °C to evaluate the complex viscosity after different 
biodegradation time intervals. 
3. A temperature sweep (2 °C min−1 cooling rate) at a constant angular frequency and a certain 
strain rate in the linear viscoelastic regime to evaluate the crystallization or gelation temperature 
at different biodegradation time intervals. 
DMA measurements 
The DMA measurements after different biodegradation times were carried out using a Q800 dynamic 
mechanical analyzer. Rectangular shape samples of 0.77 mm thick and 8 mm wide were heated from −90 
to 100 at 2 °C min−1 heating rate at a frequency of 1 Hz. 
DSC measurements 
Standard DSC measurements were carried out using a TA Instruments Q2000 to investigate the effect of 
biodegradation on the melting and crystallization behavior of PHA/DDGS composites. All DSC 
measurements were performed in an atmosphere of dry nitrogen. The melting temperature (Tm) of all 
samples at different biodegradation stages was evaluated using the maximum of the endothermic melting 
peak at a heating rate of 10 °C min−1. To study the effect of biodegradation on the crystallization 
temperature (Tc), the samples were rapidly heated above their Tm and annealed for 3 min to erase the 
thermal history. The molten samples were cooled at 10 °C min−1, and the Tc was determined from the 
maximum of the exothermic crystallization peak.  
Results and discussion 
With the current average industry price of PHA at approximately $2.50 per lb and the price of DDGS at 
approximately $0.11 per lb,36,37 substituting a percentage of PHA with DDGS to form a composite can 
offer substantial savings. For our prototype plant containers, replacement of 10 wt% of PHA with DDGS 
brought a savings of 9.6% for material cost, and our trials suggest that the percentage of DDGS could be 
increased to 20% or more without reducing the performance of the prototypes for this application.  
Biodegradation time dependence of weight loss for unaltered PHA and PHA/DDGS 90/10 
composites in soil medium is shown in Fig. 1. These results indicate that the biodegradation of 
PHA can be significantly accelerated by adding a small amount of DDGS. Weight loss after 24 
weeks of biodegradation time in soil is about six times greater for the PHA/DDGS 90/10 
composite than for unaltered PHA under identical biodegradation conditions. Therefore, addition 
of DDGS not only decreases the cost of PHA-based material required for an agricultural-plastics 
application, it also enhances the degradation process when it is included at a rate as low as 10% 
of the composite (Fig. 1). DDGS contain high amounts of protein, fiber, amino acids, and other 
nutrients that can be easily biodegraded in soil. The favorable interaction between PHA and 




 Fig. 1 Biodegradation time dependence of weight loss of unaltered PHA and PHA/DDGS 90/10 
composites in soil medium. 
Optical images for one-fourth plant containers of unaltered PHA before biodegradation and 
unaltered PHA and PHA/DDGS 90/10 composite after 24 weeks in soil are shown in Fig. 2. 
Degradative damage and weight loss were minimal for unaltered PHA, but significant damage 
and greater weight loss were observed for the PHA/DDGS 90/10 composite after 24 weeks 
biodegradation time. These results compare well with the biodegradation behavior of PCL/clay 
nanocomposite reported by Singh et al.,38 where the biodegradation rate of PCL was enhanced 
significantly by adding a small amount of clay as nanofiller. After 60 days biodegradation time, 
the PCL/clay composite became brittle and difficult to recover from the compost. The higher 
biodegradation rate in the presence of nanoclay was attributed to the presence of hydroxyl groups 
on the edges of montmorillonite, which can catalyze faster hydrolytic degradation of the PCL 
matrix.38 This comparatively higher biodegradation rate of PCL/nanoclay composite was also 
presumably due to the high interaction between PCL and nanoclay, as evident from decreasing 
the heat of fusion and crystallinity similar to our current system (PHA/DDGS composite).38 
Biodegradation of PHA/DDGS is likely also enhanced by the favorable change in nutrient 
components for microbes compared to the PHA alone. The proteins and amino acids from the 
DDGS provide nitrogen (N) and improve the carbon-to-nitrogen (C : N) ratio of the material. 
While the nitrogen content of PHA is negligible, making it difficult for microbes to begin 
degradation, the N content of DDGS is approximately 4.1% and it has a C : N ratio of 12 : 1.39 
Therefore, our PHA/DDGS 90/10 composite material has a C : N ratio of approximately 114 : 1, 
a ratio that is much more conducive to biodegradation considering the optimum ratio for the start 
of industrial composting is 30 : 1.40 
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 Fig. 2 Photographs of unaltered PHA and PHA/DDGS 90/10 composite samples (one-fourth plant 
containers) before and after 24 weeks of degradation time in soil medium 
Our tests for phytotoxicity showed no adverse effects of PHA or the PHA/DDGS 90/10 
composite material on seed germination or seedling growth for either new, non-degraded, 
materials or materials degraded in soil for 24 weeks. The test plant (tomato) grown in medium 
containing PHA and PHA/DDGS 90/10 at 1000 or 10 000 ppm showed 100% germination, no 
reduction in seedling height compared to controls, and no visual evidence of phytotoxicity. Fig. 3 
shows a typical comparison for test plants grown in a bioplastic container (pot) made from 
PHA/DDGS 90/10 composite and a commercially-available (control) container made of 
petroleum-based PP. Healthy plants with nearly identical growth rate were observed consistently 
in both container types. These results indicate that the biodegradable PHA/DDGS 90/10 
composite can be used as a high-quality alternative for petroleum-based polymers in horticultural 
crop containers. 
 
Fig. 3 Photograph of test plants (geranium) growing in a control (PP) container and a PHA/DDGS 90/10 
composite container. Test plants showed consistent health and nearly identical growth rate in the two 
container types. 
Optical microscope (OM), scanning electron microscopy (SEM) and atomic force microscopy 
(AFM) are well established techniques widely used to evaluate the effect of biodegradation on 
the internal structure or morphology of biodegradable polymers.41–45 In addition, Fourier 
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transform infrared spectroscopy (FT-IR), X-ray, and dielectric sorption analysis (DSA)46–49 have 
been successfully employed to study the chemical changes to the polymer surface due to scission 
of chemical bonds after the biodegradation process. For the PHA/DDGS composite, the surface 
morphology was investigated at different stages of biodegradation. Fig. 4 shows typical surface 
morphologies for samples that were biodegraded in soil medium for different biodegradation 
times, td = 0, 8, 12, 16, 20, and 24 weeks. A very smooth surface morphology was observed for 
the composite before starting the biodegradation process (td = 0 week). In the early stage of the 
biodegradation process (td = 8 weeks) numerous cracks in the surface of the composite were 
observed. With increasing biodegradation time, the cracks became deeper and the surface eroded 
and became covered with well-defined pits, which were evenly distributed, giving an areolate 
appearance. Fig. 5 shows the SEM micrographics for the PHA/DDGS 90/10 composite after td = 
24 weeks at different magnifications. It is apparent that the erosion pits became deeper and 
aggregated to form large eroded regions with many irregular small pieces, and consequently led 
to a significant weight loss as presented in Fig. 1. 
 
Fig. 4 SEM micrographs of surface morphologies of PHA/DDGS 90/10 composites after different 




Fig. 5 SEM micrographs of surface morphology of PHA/DDGS 90/10 composite after 24 weeks 
biodegradation time at different magnifications 
The DMA measurements for the PHA/DDGS composites after different biodegradation time intervals 
were investigated to evaluate the effect of different biodegradation stages on the thermomechanical 
properties of the composite. Fig. 6 shows the dynamic storage and loss moduli, E′ and E′′, respectively, as 
a function of temperature for different biodegradation time intervals up to 20 weeks. The sample after 24 
weeks is not included in the DMA measurements because it is too brittle to prepare reliable dimensions 
for the DMA test. Two relaxation processes have been observed for this composite in this temperature 
range. The first process that appears around 17 °C for the non-degraded sample (0 weeks) is related to the 
glass relaxation processes (α-relaxation) of the composite. The peak maximum (Tmax) of the α-relaxation 
process (see the E′′ versus T) shifted systematically to lower temperature with increasing biodegradation 
time. The inset-plot shows a linear behavior of Tmaxversus biodegradation time. This experimental fact 
suggests that the Tg of the composite decreased linearly with increasing biodegradation time in soil 
medium under typical landscape conditions. The second relaxation process appears at approximately 125 
°C, which is normally associated with most crystalline and semi-crystalline polymers and related to the 
slippage of the crystallites past each other. This process is not significantly affected by different 
biodegradation times as clearly seen in Fig. 6. It is also apparent that the value of E′ decreases 
systematically with increasing biodegradation time over a wide range of temperatures, an outcome that is 
typically related to the decrease in the molecular weight of the sample as a result of biodegradation. The 
value of E′ decreases linearly with increasing biodegradation time at −190 °C, as clearly seen in the inset-
plot of Fig. 6. At higher temperatures (T ≥ 165 °C), both E′ and E′′ decrease very sharply due to the 
melting of the crystalline region in the composite. At this high temperature, large-scale chain slippage 
occurs and the material flows. 
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 Fig. 6 Dynamic storage, E′, and loss, E′′, moduli as a function of temperature at a frequency of 1 Hz and 2 
°C min−1 heating rate for PHA/DDGS 90/10 composite after different durations of biodegradation in soil 
medium under typical landscape conditions. The inset-plots show the biodegradation time dependence of 
E′ at −90 °C and the Tmax of the α-relaxation process as a function of biodegradation time. 
The biodegradation process of the PHA/DDGS 90/10 composite may have a significant influence on the 
viscoelastic properties. For this reason, the rheological behavior of this composite was studied as a 
function of biodegradation time, temperature, and angular frequency using small-amplitude oscillatory 
shear flow experiments. Fig. 7 shows the classical angular frequency dependence of complex viscosity, 
η*, at 170 °C for PHA/DDGS 90/10 composite after different durations of biodegradation. Clearly, η* 
decreased systematically with increasing biodegradation time. The η* decreased by almost one order of 
magnitude after 24 weeks biodegradation time as seen in Fig. 7. It is also clear that η* became less 
angular-frequency dependent (more Newtonian behavior) with increasing biodegradation time. 
10 
 
 Fig. 7 Angular frequency dependence of complex viscosity at 170 °C for PHA/DDGS 90/10 composites 
after different durations of biodegradation in soil under typical landscape conditions. The solid lines are 
calculated from eqn (2) by using nonlinear regression analysis. The inset-plot shows the biodegradation 
time dependence of zero shear viscosity. 
The η* dependence of angular frequency can be expressed by several models, such as the Carreau–
Yasuda model, according to the following equation:50 
 
where τη is a characteristic viscous relaxation time that defines the location of the transition from 
Newtonian to shear-thinning behavior, while n and a are material constants. The zero-shear viscosity, η0, 
can be calculated as a fitting parameter to the experimental results using nonlinear regression analysis. An 
excellent description of the data was obtained as shown in Fig. 7 by using the above equation, where the 
lines are fitting lines and the symbols are the experimental data. The inset-plot of Fig. 7 shows the 
biodegradation time dependence of η0 obtained from the above analysis. Clearly η0 decreased linearly 
with increasing biodegradation time similar to the decrease of E′ and peak maximum (Tmax) of the α-
relaxation process as already mentioned above. 
Dynamic rheology has been successfully used to investigate the crystallization behavior and 
kinetics of semicrystalline polymers.51–56 The onset of crystallization of PP, PE, and PP/PE 
blends have been detected rheologically by Teh et al.51 In addition, semiqualitative information 
about the nucleation density and initial crystallization rate have also been deduced from 
rheological data. Furthermore, the obtained results were consistent with differential scanning 
calorimetry (DSC) and optical microscopy data. The rheological mechanism and an overview of 
nucleated crystallization kinetics of PP in the presence of a nucleating agent have been studied 
by Khanna,52 who found that the rheological technique for studying crystallization kinetics was 
more sensitive than conventional techniques like DSC. Other research has evaluated the 
isothermal crystallization behavior of biodegradable poly(ε-caprolactone), PCL, as functions of 
crystallization temperature, shear rate, and shearing time.57 It was found that the crystallization 
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process was accelerated to a great extent under high shear rate and long shearing time. The 
induction time of the crystallization process was found to substantially decreased with increasing 
shear rate. The isothermal crystallization kinetics at various shear rates was also analyzed using 
the Avrami equation.57 
The effect of soil biodegradation on the crystallization behavior of PHA/DDGS 90/10 composite 
can be investigated from the dynamical cooling sweep at a constant cooling rate and angular 
frequency. Fig. 8 demonstrates the simultaneous temperature dependence of the dynamic shear 
moduli, G′ and G′′ at 2 °C min−1 cooling rate and 10 rad s−1 angular frequency for the non-
degraded PHA/DDGS 90/10 composite. It is apparent that both G′ and G′′ are very sensitive to 
the structure change accompanying the crystallization process. At T ≥ 150 °C, both G′ and G′′ 
are almost temperature independent and G′′ is approximately one order of magnitude higher than 
G′, indicating that the composite has a liquid-like behavior at this temperature range. The values 
of G′ and G′′ slightly increase with decreasing temperature at 140 °C ≥ T ≥ 150 °C. At 
temperatures lower than 140 °C, sudden increase in the values of both G′ and G′′ by several 
orders of magnitude was observed. This dramatic increase in G′ and G′′ at this low temperature 
range (T < 140 °C) was related to the onset of crystallization and the formation of the physical 
gel of the crystalline structure of PHA. At much lower temperature (T ≤ 134 °C), both G′ and G′′ 
reached constant values and G′ became more than one order of magnitude higher than G′′ due to 
the formation of equilibrium moduli of the crystalline structure of the composite. The value of 
gelation temperature, Tgel due to the formation of solid-like structure resulting from the 
crystallization process of PHA can be accurately identified from the crossover point of G′ and 
G′′, as indicated by the arrow in Fig. 8. 
 
Fig. 8 Temperature ramps of G′ and G′′ for the non-degraded PHA/DDGS 90/10 composite at 2 °C min−1 
cooling rate and 10 rad s−1 angular frequency. The arrow indicates the gelation temperature, Tgel. 
Fig. 9 shows the temperature dependence of η* and loss tangent (tan δ). Clearly, the complex viscosity 
increased dramatically once the crystallization process started to take place, a result similar to the 
variation of G′ and G′′ with temperature (see Fig. 8). However, tan δ decreased by about two orders of 
magnitude, which reflects a greater sensitivity of G′ than G′′ to the crystallization process (tan δ = G′′/G′). 
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This substantial change in the rheological parameters during the crystallization process can be attributed 
to the continuous increase of the volume fraction of the crystalline part that may act like cross-links, 
hence increasing the G′, G′′, and η* as well as decreasing tan δ of the sample from the melt to the solid 
crystalline state. 
 
Fig. 9 Temperature ramps of η* and tan δ, for the non-degraded PHA/DDGS 90/10 composite at 2 °C 
min−1 cooling rate and 10 rad s−1 angular frequency. 
Fig. 10 and 11 show the temperature dependence of G′ and η* for the PHA/DDGS 90/10 
composite at 2 °C min−1 cooling rate and 10 rad s−1 angular frequency as a function of 
biodegradation time. The results show that biodegradation time can significantly affect the 
crystallization process of the PHA composite, and reveal that the longer the biodegradation time, 
the lower the temperature at which both η* and G′ increase strongly. For example, the onset 
temperature at which both η* and G′ increase for the non-degraded sample (tdeg. = 0 week) was 
about 8 °C higher than the corresponding value for the sample that was biodegraded for 20 
weeks. This experimental fact suggests that the biodegradation process in soil medium decreases 
the crystallization kinetics and/or the crystallization percentage of PHA. The Tgel obtained from 
the crossover point of G′ and G′′ (as described in Fig. 8) was found to be strongly influenced by 
biodegradation time. Fig. 12 demonstrates the biodegradation time dependence of Tgel, showing 
that Tgel decreased linearly with increasing biodegradation time. 
13 
 
 Fig. 10 Temperature ramps of G′ for PHA/DDGS 90/10 composites that were biodegraded in soil medium 
for different time intervals. The measurements were carried out at 2 °C min−1 cooling rate and 10 rad s−1 
angular frequency. 
 
Fig. 11 Temperature ramps of η* for PHA/DDGS 90/10 composites that were biodegraded in soil 
medium for different time intervals. The measurements were carried out at 2 °C min−1 cooling rate and 10 
rad s−1 angular frequency. 
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 Fig. 12 Biodegradation time dependence of Tgel for the PHA/DDGS 90/10 composite. The Tgel was 
determined from the cross over point of G′ and G′′ at 2 °C min−1 cooling rate and 10 rad s−1 angular 
frequency. 
It is expected that structural parameters such as lamellar thickness, crystal interphase, and 
spherulitic growth rates are substantially modified by decreasing the molecular weight during the 
biodegradation process due to the changes in the free energy required for the formation of 
crystals. The DSC thermographs (first heating run) of the PHA/DDGS 90/10 composite as a 
function of biodegradation time are shown in Fig. 13. The curves displayed two endothermic 
peaks due to primary and secondary crystallization processes for all composites regardless of the 
level of biodegradation. These bimodal melting peaks also confirmed the existence of melt-
recrystallization mechanisms. During heating of the sample in the DSC, the less perfect crystals 
melted at lower temperatures and then the samples reorganized into more perfect crystals that 
melt at higher temperatures. The biodegradation has a significant effect on the melting enthalpy 
(ΔHm) and the degree of crystallinity (DOC) of the composite. The ΔHm calculated from the area 
under the two bimodal melting peaks was presented as a function of biodegradation time. ΔHm 




Fig. 13 Development of melting temperature of the PHA/DDGS composites at different durations of 
biodegradation in soil. The DSC measurements were carried out at 10 °C min−1 heating rate (first heating 
run). The inset-plot shows the biodegradation time dependence of heat of fusion calculated from the data 
presented in Fig. 13. 
These results suggest that the biodegradation of the PHA/DDGS composites has a substantial 
effect on the degree of crystallinity. Specifically, the degree of crystallinity decreases with 
increasing biodegradation time. Based on these results it is apparent that the biodegradation 
process of the PHA/DDGS 90/10 composite in soil medium takes place in both crystalline and 
amorphous regions, resulting in an overall decrease in the crystallization behavior. A 
considerable decrease in the degree of crystallinity as a result of hydrolytic degradation of poly-
L-lactide (PLLA) has been reported for samples that were crystallized at 90 °C by Iannace et 
al.58 For PLLA, the biodegradation process advanced in both the crystalline and amorphous 
regions, resulting in an overall decrease of the degree of crystallinity similar to that seen for the 
PHA/DDGS 90/10 composite in our work. 
The significant heat release accompanying the exothermic cold crystallization process of 
PHA/DDGS can be easily evaluated using DSC. The heat released is directly related to the 
macroscopic rate of the crystallization process. A typical cold crystallization process for the 
PHA/DDGS 90/10 composite as a function of biodegradation time is shown in Fig. 14. The 
sample was melted at T = 200 °C for 3 min to erase the thermal history and then cooled to 0 °C 
at a 10 °C min−1 cooling rate. A sharp cold-crystallization process was observed for the non-
degraded sample (td = 0 week) with crystallization peak maximum at approximately Tc = 111 °C. 
The value of Tc decreased linearly with increasing biodegradation time, as seen in the inset-plot 
of Fig. 14. In addition, bimodal crystallization peaks were detected for the samples at longer 
biodegradation times (td ≥ 16 weeks). The crystallization peaks observed at low temperature (Tc 
= 90 °C) for the two samples that were biodegraded for 16 and 24 weeks might be related to the 
formation of low molecular weight fragments that can crystallize at lower temperature compared 
to high molecular weight fragments. This low temperature crystallization peak was not observed 
for composites at td = 0 and 8 weeks due to the presence of well-developed crystals. These DSC 
data are in good agreement with the rheological behavior described above. Based on the 
preceding discussion it is apparent that both DSC and rheology studies confirmed that 
biodegradation of the PHA/DDGS 90/10 composite can significantly inhibit the crystallization 
behavior (i.e., slowing the crystallization kinetics and decreasing the crystallization percentage). 
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 Fig. 14 Development of cold crystallization processes for the PHA/DDGS 90/10 composite at different 
durations of biodegradation in soil. The DSC measurements were carried out at 10 °C min−1 cooling rate. 
The inset-plot shows the degradation time dependence of crystallization temperature calculated from the 
data presented in Fig. 10 and 11. 
Conclusions 
Addition of DDGS to PHA to form a composite establishes mechanical and biodegradation properties that 
can be utilized in sustainable plastics designed to end their lifecycle as organic matter in soil, 
characteristics that could be especially useful for agricultural-plastics applications. Adding DDGS can 
decrease material costs, increase the biodegradation rate, and enhance the mechanical properties of PHA. 
Both PHA and the PHA/DDGS 90/10 composite were found to be non-toxic to plants before and after 24 
weeks of biodegradation in soil, confirming the suitability of the materials for agricultural applications. 
The biodegradation process was found to have a significant influence on the thermomechanical and 
viscoelastic properties of PHA/DDGS 90/10 composite. The zero shear viscosity, elastic modulus, and 
peak maximum of the glass relaxation process decreased linearly with increasing biodegradation time due 
to the decrease in the molecular weight of the sample as a result of biodegradation. The DSC and 
rheological investigations revealed that biodegradation of the PHA/DDGS 90/10 composite in soil 
medium took place in both crystalline and amorphous regions, and consequently the degradation slows 
the crystallization kinetics and decreases the crystallization percentage.  
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